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Simulation of soil washing with surfactants
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Abstract

A mathematical model of soil washing that incorporates the surfactant enhanced mobilization
and solubilization of organic compounds was implemented using a finite difference compositional
reservoir simulator. The primary objective of the model was identification of the contributions of
the various mechanisms—water displacement, surfactant mobilization and dissolution—on the
removal of organic contaminants from soil. Mobilization of the organic phase was described by a
reduction in the residual oil saturation caused by decreased interfacial tension. Increased aqueous
solubility of organic compounds due to solubilization by surfactant micelles was modeled
assuming local equilibrium. Parameters for the model were obtained from experimental measure-
ments and literature sources. The model was implemented in a two-dimensional, two-phase
system. Experimental data from surfactant flushing of columns contaminated with automatic
transmission fluid and a mixture of chlorinated organics were used to evaluate the performance of
the model. In most cases, the predicted organic recoveries were found to agree well with
experimental results. For the surfactant sodium dodecyl sulfate, mobilization of organic contami-
nants was the main recovery mechanism for both waste liquids modeled. The results suggest that
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complete dissolution of a contaminant nonaqueous phase, rather than mobilization and subsequent
vertical migration, may be difficult to achieve at the surfactant concentrations studied. q 1998
Elsevier Science B.V.
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1. Introduction

Many common organic pollutants have low aqueous solubilities and high interfacial
tensions with water, characteristics that render pump-and-treat remediation ineffective.
Various measures have been suggested to overcome these inherent shortcomings of
pump-and-treat. One of these, surfactant flushing, has long been used in the petroleum

w xindustry to increase oil recovery during the later production stages of a reservoir 1 .
Surfactants can mobilize residual nonaqueous phase liquids by reducing interfacial
tension, or increase organic solubility by solubilization. In oil recovery, the primary goal
has been enhancing mobility to minimize surfactant usage. For environmental applica-
tions, however, mobilization of a trapped nonaqueous phase has led to concerns about
further vertical migration of the displaced fluid due to gravity. As a result, the objective
of surfactant addition in environmental applications has generally been to achieve
essentially complete dissolution of the nonaqueous phase.

Laboratory studies of surfactant washing of contaminated soils have shown some
w x w xpromise. Abdul et al. 2 and Ang and Abdul 3 studied a variety of surfactants in an

Ž .attempt to wash automatic transmission fluid ATF from a sandy soil. They concluded
from batch and column washing studies that certain surfactant solutions had the potential
to effectively remove nonaqueous phase liquids from soil. Soil column studies con-

w x Ž .ducted by Pennell et al. 4 showed that a solution of the surfactant polyoxyethylene 20
sorbitan monooleate could considerably enhance the recovery of residual dodecane.

w xHowever, mixed results have been obtained in various pilot studies. Abdul et al. 5 used
a nonionic ethoxylated alcohol to remediate a site contaminated with PCBs and oils

w xquite successfully. In contrast, the pilot tests conducted by Nash et al. 6 did not
conclusively show surfactant soil washing to be a reliable remediation technology. There
is a need for further research into the physics of soil washing by surfactants, especially
at the field scale, before it can be fully developed into a viable in situ remediation
technology.

Surfactants enhance organic contaminant recovery in soil washing through two
mechanisms. First, surfactants reduce the oil–water interfacial tension and the capillary
forces that trap the residual organic. As a result, the residual oil saturation in the
presence of surfactant is appreciably lower, and more oil is mobilized than with simple
water floods alone. Secondly, surfactants are capable of forming dynamic aggregates
known as micelles. Above a critical surfactant concentration known as the critical

Ž .micelle concentration CMC , the hydrophobic end of the surfactant molecule will
cluster together inside the micelle structure with the hydrophilic end exposed to the
aqueous phase on the exterior. Consequently, the interior of a micelle constitutes a
compatible environment for hydrophobic organic molecules; the process of incorpora-
tion of these molecules into a micelle is known as solubilization.
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Below the CMC, surfactants exist in the monomeric state, and no enhancement of
w xorganic solubility is generally observed 7 . However, the aqueous solubility of certain

highly hydrophobic organic compounds can be enhanced by certain surfactants even
w xbelow the CMC 8 , a process similar to the partitioning of highly insoluble organic

w xcompounds to the organic carbon fraction of dissolved organic macromolecules 9 .
Above the CMC, the apparent solubility of hydrophobic organic compounds increases
dramatically due to solubilization. For example, batch studies conducted by Pennell et

w x Ž .al. 4 have shown that a solution of the surfactant polyoxyethylene 20 sorbitan
monooleate can enhance the aqueous solubility of dodecane by six orders of magnitude.

To date, little attention has been dedicated to the mathematical modeling of soil
washing by surfactants. Much of the work performed in this area has focused on the
recovery of contaminants through micellar solubilization of the entrapped organic

w x w xresidual. Wilson 10 and Wilson and Clarke 11 presented a two-dimensional areal,
single phase flow model of the solubilization process that assumes local equilibrium
between the entrapped oil and micellar phases. The one-dimensional, single-phase flow

w xmodel developed by Abriola et al. 12 utilized a rate-limited mass transfer process to
describe surfactant solubilization, which was assumed to be the primary organic
recovery mechanism. However, as noted above, solubilization is not the only process
that removes organic contaminants from the subsurface upon surfactant injection. Brown

w xet al. 13 recognized that both solubilization and mobilization could enhance organic
recovery by surfactant soil washing, and incorporated both of these processes into a
three-dimensional, multiphase, compositional simulator. Although the validity of this
model was not assessed by any experimental data, the results of their theoretical study
suggest that surfactant injection into the subsurface could enhance conventional pump-
and-treat methods significantly.

In this paper, experimental data on the remediation of contaminated soil cores will be
interpreted with a numerical model to test constitutive models and parameters that
characterize dissolution and mobilization of organic contaminants by surfactants. The
aim of this study was to evaluate the relative contributions of these processes to the
enhanced organic recovery observed with surfactant soil washing. It is anticipated that
the model can be applied to systems with different physical and chemical properties
given adequate characterization of these properties.

2. Experimental

To assess the performance of the surfactant soil washing model, two different
surfactant washing experiments were considered. In both laboratory experiments, verti-
cal columns were packed with uncontaminated sandy silt from a local contaminated site,
saturated with water and then allowed to drain by gravity for 24 h. Nonaqueous phase
liquids were then pumped through the columns until breakthrough was achieved, and the
columns were allowed to drain for another 24 h. In the first experiment, the column was

Ž .contaminated with automatic transmission fluid ATE while an oily waste, a mixture of
chlorinated organics from the same site as the soil, was used in the second experiment.
Soil washing experiments were conducted with water and anionic sodium dodecyl
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Ž . Ž .sulfate SDS surfactant solutions at two different concentrations of 8 mM CMC and
w x30 mM. Further details of the experimental procedure are available in Roy et al. 14,15 .

3. Model development

3.1. Flow equations

Ž Ž . Ž ..Assuming that the Darcy velocity applies, two-phase organic o and water w flow
equations in a porous media, neglecting diffusion and dispersion, can be written as:

lE kk rl l l l l l lfSr x s= r x =P ym g=h lso, w; isw, surf, n , . . . , nŽ .Ž .i i 1 clž /E t m

1Ž .

where f is the soil porosity; S l, r l, ml, ml are the saturation, molar and mass density
and viscosity of phase l, respectively; x l is the mole fraction of component i in phase l;i

k is the intrinsic permeability tensor; P l is the l phase pressure, g is the gravitational
acceleration constant and h is the vertical coordinate. The n q2 system componentsc

Ž . Ž .are water w , surfactant surf , and n organic compounds. The equations representedc
Ž . l o,wby Eq. 1 are coupled via the relative permeability, k and capillary pressure, P ,r c

which are generally written as functions of water saturation, S w:

kw s f S w 2aŽ . Ž .r 1

k o s f S w 2bŽ . Ž .r 2

P o ,w sP o yP w sg S w 3Ž . Ž .c

These constitutive relationships are strong functions of surfactant concentration, as
described in Section 3.2.

Ž . Ž . Ž . Ž .Eqs. 1 , 2a , 2b and 3 , together with the constraint equations:

x l s1 lso,wÝ i 4Ž .
i

S l s1 5Ž .Ý
l

constitute a system of highly nonlinear coupled partial differential equations which
represents a general framework for the modeling of surfactant enhanced soil washing.

3.2. Mobilization

Mobilization of nonaqueous phase liquids by surfactants is caused by a reduction in
interfacial tension leading to decreased residual oil saturation and capillary pressure, and
an increased oil relative permeability. The effect of surfactants on the oil permeability
and residual saturation was modeled by relative permeability curves that were allowed to
vary with surfactant concentration and hence interfacial tension. At zero surfactant
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concentration, oil–water relative permeability curves were represented by Corey-type
w ximbibition equations for poorly sorted unconsolidated sand 16 :

3.5w wS ySŽs 0. rŽs 0.wk s 6aŽ .rŽs 0. wž /1ySrŽs 0.

1.52w w w wS yS S ySŽs 0. rŽs 0. Žs 0. rŽs 0.ok s 1y 1y 6bŽ .rŽs 0. w o w ož /1yS yS 1yS ySrŽs 0. rŽs 0. rŽs 0. rŽs 0.

where s 0 designates the interfacial tension at zero surfactant concentration. kw andrŽs 0.
k o are respectively the water and oil relative permeabilities corresponding to anrŽs 0.
interfacial tension of s 0; S w and So are the residual water and oil saturationsrŽs 0. rŽs 0.
respectively and S w is the water saturation.Žs 0.

The relative permeability curves in the presence of surfactant were modeled using an
w xapproach similar to Amaefule and Handy 17 :

2w w w w° ¶S yS S ySŽs . rŽs . Žs . rŽs .w w~ •k s 3.2S y1 q1 7aŽ .rŽs . rŽs .w w¢ ßž / ž /1yS 1ySrŽs . rŽs .

w w w wS yS S ySŽs . rŽs . Žs . rŽs .o ok s 1y 5S 1y y1 q1rŽs . rŽs .w o w o½ 5ž / ž /1yS yS 1yS ySrŽs . rŽs . rŽs . rŽs .

7bŽ .

where the subscript s designates that a quantity is evaluated at an interfacial tension of
s corresponding to a particular surfactant concentration. Hence, S w and So are,rŽs . rŽs .
respectively, the residual water and organic saturations at an interfacial tension of s and
S w is the corresponding water saturation.Žs .

Capillary pressure is also a strong function of surfactant concentration. At a given
saturation, the capillary pressure decreases as the oil–water interfacial tension decreases
with increased surfactant concentration up to the CMC. The oil–water capillary pres-

Žsure–saturation curve at zero surfactant concentration was modified to account for
. w xdifferences in porous medium properties from Slider 18 . Using Leverett’s J-function

w x18 , capillary pressure was obtained as a function of interfacial tension, which, in turn,
is a function of surfactant concentration:

s
o ,w o ,wP sP 8Ž .cŽs . cŽs 0.

s 0

3.3. Solubilization

In this study, the enhancement of organic solubility by surfactant at concentrations
below the CMC was assumed to be negligible. Above the CMC, organic phase
solubilization was assumed to occur via an equilibrium process. The micelles formed
above the CMC can be thought of as a pseudophase with a certain capacity for organic
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components. This capacity is related to the organic-phase concentration by a micelle–oil
partition coefficient, K m,o:i

x m sK m ,o x o isn , . . . , n 9Ž .i i i 1 c

where x m and x o are the mole fractions of component i in the micellar and organici i

phases, respectively.
The micelle–oil partition coefficient, K m,o can be expressed asi

x m xw
i im ,o m ,w w ,oK s sK PK isn , . . . , n 10Ž .i i i 1 cw ox xi i

Ž .The second term in Eq. 10 is simply the water–oil partition coefficient, which was
approximated as:

K w ,o sxw ,sol isn , . . . , n 11Ž .i i 1 c

w,sol Ž .where x is the solubility of i in pure water. The first term in Eq. 10 , thei

micelle–water partition coefficient, K m,w has been correlated to the octanol–wateri
w xpartition coefficient by various researchers 19–21 . In this study, the correlation of

w xValsaraj and Thibodeaux 22 was used to calculate the micelle–water partition coeffi-
cient as

log K m ,w s0.858 log K oct ,w y0.017 isn , . . . , n 12Ž .i i 1 c

where K oct,w is the octanol–water partition coefficient.i

4. Method

w xAll simulations were performed using STARS 23 , a three-dimensional, finite-dif-
ference, multicomponent, three-phase compositional reservoir simulator. STARS is
capable of simulating a wide range of chemical and physical reservoir processes like
steam injection, fireflood and dry and wet combustion by solving the flow equations
Ž Ž . Ž . Ž . Ž . Ž ..Eqs. 1 , 2a , 2b , 3 – 5 implicitly using incomplete Gaussian elimination. In this
study, STARS was adjusted to allow the simulation of mobilization and solubilization
processes.

4.1. Grid

For both ATF and oily waste simulations, the soil column was simulated by a vertical
two-dimensional homogeneous grid. The porosity and absolute permeability of this grid

w xwere set at the experimental average values 14,15 , as tabulated in Tables 1 and 2. A
constant pressure boundary condition was imposed on the column outlet. Water or SDS

Ž .solution was injected into the column at the experimental flow rates Tables 1 and 2 .

4.2. Initial conditions

The column was initially water-saturated. In both ATF and oily waste simulations,
the initial oil distribution in the column was determined from a simulation of the oil
contamination and drainage process; this distribution was found to be largely determined
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Table 1
Parameters of ATF water and surfactant washing simulations

Parameter Water run Surfactant runs Reference

Ž . w xSoil permeability md 137 137 15
w xSoil porosity 0.45 0.45 15

y6 y6Water–oil partition coefficient 2.7=10 2.7=10 Calculated assuming maximum
Ž . w xmole fraction ratio ATF aqueous solubility of 50 mgrl 15

w xMicelle–oil partition coefficient y 0.006 Calculated from Refs. 15,22
Ž .mole fraction ratio

3Ž . w xOrganic phase density grcm 0.875 0.875 15
Ž . w xOrganic phase viscosity cp 52.5 52.5 24

Ž . w xResidual water saturation 0.30 0.30 C s0 25surf
Ž .0.30 C sCMC and above Fittedsurf
Ž .Residual oil saturation 0.29 0.29 C s0 Fittedsurf
Ž .0.20 C sCMC and above Fittedsurf

Ž . Ž .Initial oil mass in column g 43.8 55.1 8 mM R.R. Kommalapati, personal communication, 1996.
Ž .53.3 30 mM R.R. Kommalapati, personal communication, 1996.

3Ž . w xWaterrSDS injection rate cm rmin 2.6 2.6 15

C : surfactant concentration.surf
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Table 2
Parameters of oily waste water and surfactant washing simulations

a a,bParameter Water run Surfactant runs Reference

Ž . w xSoil permeability md 171 171 14
w xSoil porosity 0.40 0.40 14

Ž . Ž . Ž . w xComponents mole % TCE 6.2% TCE 6.2% 26
Ž . Ž .TCA 0.7% TCA 0.7%

Ž . Ž .DNAPL 93.1% DNAPL 93.1%
y4 y4Ž . Ž .Water–oil partition coefficient 5.9=10 TCE 5.9=10 TCE Calculated
y4 y4Ž . Ž . Ž . w xmole fraction ratio 3.1=10 TCA 3.1=10 TCA from Ref. 14

Ž . Ž .0 DNAPL 0 DNAPL
3Ž . w xOrganic phase density grcm 1.33 1.33 14

Ž . w xOrganic phase viscosity cp 58.8 58.8 14
Ž . w xResidual water saturation 0.30 0.30 C s0 25surf
Ž .0.30 C sCMC and above fittedsurf
Ž .Residual oil saturation 0.15 0.15 C s0 fittedsurf
Ž .0.10 C sCMC and above fittedsurf

3Ž . Ž . w xInitial oil volume in column cm 40.6 31.7 8 mM 26
Ž . w x36.6 30 mM 26

3Ž . w xWaterrSDS injection rate cm rmin 2.6 2.6 14

a TCE: 1,1,2-trichloroethane; TCA: 1,1,2,2-tetrachloroethane; DNAPL: insoluble fraction of oily waste.
bC : surfactant concentration.surf

by a balance between the capillary and gravitational forces acting on the nonaqueous
phase liquid globules.

4.3. Component properties

Both ATF and the oily waste are complex mixtures with poorly characterized
properties. ATF is a light nonaqueous phase liquid of low solubility and volatility that

w xcontains mainly long chain petroleum hydrocarbons 3 . To simplify the model, ATF
was simulated as a single compound with the properties tabulated in Table 1.

The oily waste is a highly viscous, dense nonaqueous phase liquid that contains
volatile and soluble compounds. The main identifiable constituents, comprising 17 wt.%
of the oily waste, were 1,1,2-trichloroethane, 1,1,2,2-tetrachloroethane, tetrachlorethy-

w xlene, hexachlorobenzene and hexachlorobutadiene 26 . Due to their high water solubil-
Ž . Ž .ity, 1,1,2-trichloroethane TCE and 1,1,2,2-tetrachloroethane TCA were simulated

separately in the oily waste simulations. The rest of the oily waste, a mixture of low
w xsolubility halo- and hydrocarbon compounds 26 , was simulated using a water insoluble

Ž .pseudo-component of average waste properties DNAPL . A summary of the compo-
nents and their properties used in the oily waste simulations is given in Table 2.

4.4. Parameter eÕaluation

4.4.1. Soil–fluid properties
Based on its soil texture, the field capacity moisture content of the sandy silt in both

w xexperiments would be approximately 12% of the total soil volume 25 . Using the
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porosities in Tables 1 and 2, the corresponding water saturation would be roughly 0.3.
The residual water saturation in the absence of surfactant was thus set at 0.30 for both
ATF and oily waste simulations. In each case, the residual organic saturation at zero
surfactant concentration was set by matching the respective water flooding recovery
curves; the final values used are given in Tables 1 and 2. These values are in the range

w xof residual organic saturations reported by Wilson et al. 27 for the saturated zone.
The residual water and oil saturations in the presence of a surfactant, which were

fitted to the experimental data, are shown in Tables 1 and 2. These saturations can be
estimated through direct experimental measurements. Alternatively, residual saturations
have been related to interfacial tension and hence surfactant concentration using the

w xcapillary number 17,28 . The latter approach was used with experimentally measured
interfacial tensions at SDS concentrations of 0 and 30 mM to validate the residual
saturation values of the model. Since interfacial tension is constant above the CMC, the
value measured at the 30 mM SDS concentration was assumed to be representative of
the interfacial tension at the CMC.

With an experimentally determined reduction in ATF–water interfacial tensions of
Žapproximately two orders of magnitude from 8.0 mNrm at zero SDS concentration to

.0.07 mNrm for a SDS concentration at or above the CMC , the corresponding decrease
in the residual ATF saturation was evaluated using the correlation of Amaefule and

w xHandy 17 to be by a factor of approximately 0.77. Assuming that the calibrated
Ž .residual ATF saturation at zero SDS concentration is 0.29 Table 1 , the residual ATF

saturation at the CMC and above would be 0.22. In comparison, the corresponding fitted
Ž .value of 0.20 Table 1 agrees quite well. For the same SDS concentration range, the

w xcorrelation of Amaefule and Handy 17 predicted a decrease in the residual water
saturation by a factor of 0.93, giving a residual water saturation of 0.28 assuming a

Ž .residual water saturation of 0.30 in the absence of SDS Table 1 . Again, the predicted
Žvalue agrees well with the experimentally fitted residual water saturation of 0.30 Table

.1 . Due to the hazardous nature and experimental difficulties associated with the oily
w xwaste 29 , interfacial tension measurements were not attempted, and the residuals in this

case could not be similarly validated.

4.4.2. Solubilization parameters
Based on the maximum solubility of ATF in water, the ATF water–oil partition

y6 Ž . Ž .coefficient was approximately 2.7=10 Table 1 . Using Eq. 12 , the micelle–water
partition coefficient for ATF was found to be approximately 2.3=103 giving a
micelle–oil partition constant of 0.006. A comparison of the water–oil and micelle–oil

Ž .partition coefficients for ATF Table 1 shows that SDS can enhance the equilibrium
solubility of ATF significantly.

5. Results and discussion

5.1. Water flushing

Fig. 1 shows ATF and oily waste recoveries after water flushing. The error bars in
this and subsequent figures are the experimental standard deviation. The simulated water
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Fig. 1. ATF and oily waste recovery due to displacement of contaminant by water flushing.

recovery curves show reasonable agreement with the experimental data points. Since the
oily waste is of a higher density than water, gravity forces resulted in an essentially
saturated pool of waste at the base of the column before flushing. Consequently, water
flushing resulted in much higher initial recoveries of waste compared to ATF. Modeling
of column drainage before initiation of the displacement experiment was required to
define the initial conditions in the column properly, and to accurately predict the
resulting displacement curves.

Approximately 32% of the ATF present in the column initially was above residual
organic saturation. The cumulative ATF recovery of 19% at the end of water flooding is
due to the displacement of a portion of this free-phase material present above residual
saturation. Similarly, water recovery of the oily waste is through the displacement of
free-phase liquid that comprised 54% of the waste present initially. For a system
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containing oil at residual saturation, the expected recovery under water flushing would
be negligible.

5.2. Surfactant washing: Automatic transmission fluid

ŽThe experimental and simulated ATF recoveries for SDS washing at the CMC 8
.mM and 30 mM are shown in Figs. 2 and 3, respectively. The two predicted recovery

Žcurves in Fig. 2 differ, in that one of the curves take solubilization into account solid
. Ž .curve in addition to displacement and mobilization dashed curve . The 8 mM simu-

lated curves agree to within one standard deviation of the experimental values except for
the initial point. This may imply that the initial modeled oil distribution in this case did
not provide an adequate description of the experimental distribution. Fig. 2 shows that

Fig. 2. ATF recovery due to displacement, mobilization and solubilization by 8 mM SDS.
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the enhanced recovery observed with SDS washing at the CMC can mainly be
accounted for by the reduction in the oil–water interfacial tension causing mobilization
of ATF. There is virtually no additional recovery when solubilization is included at this
concentration. Consistent with this conclusion is the observation of a flattening of the
percent recovery curve beyond 3 pore volumes of washing fluid. At the CMC, micelles
are just beginning to form. Thus, the number of micelles in solution is small and the
enhancement due to solubilization of organic compounds into the micellar phase is
correspondingly low.

Fig. 3 shows ATF recovery when the soil column is washed with SDS at a
concentration of 30 mM. Again, enhanced recovery of ATF is due to mobilization of the
contaminant as the interfacial tension is reduced by SDS. The incremental recovery due
to micellar solubilization is small, approximately 2 to 3% at the last experimental point.
Solubilization involves the incorporation of organic molecules into the interior of

Fig. 3. ATF recovery due to displacement, mobilization and solubilization by 30 mM SDS.
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surfactant micelles. Above the CMC, the number of micelles increases with surfactant
concentration. Therefore, solubilization would be expected to increase with surfactant
concentration above the CMC. However, an almost threefold increase in the number of
micelles in the aqueous phase has not increased ATF recovery significantly, implying
that solubilization is a relatively less important mechanism in the SDS-enhanced
recovery of ATF.

5.3. Surfactant washing: Oily waste

Fig. 4 shows that similar to ATF, the experimental 8 and 30 mM oily waste recovery
curves were not significantly different. It was therefore assumed that solubilization
played only a minor role in enhancing oily waste recovery by SDS flushing, and was
consequently not simulated. At both SDS concentrations, the enhanced recoveries
observed under surfactant washing can be explained mainly by mobilization of the oily

Fig. 4. Oily waste recovery due to displacement and mobilization by 8 and 30 mM SDS.
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waste. Fig. 4 compares the experimental and predicted oily waste recoveries due to
displacement by water and mobilization by SDS. The predicted recovery using 8 mM
SDS compares very well with the experimental values. In the 30 mM case, the
agreement between the simulated and experimental values was poor. After approxi-
mately 3.5 pore volumes, the simulated recovery exceeded the experimental values by
more than one standard deviation. A closer examination of the experimental oily waste
recovery with 30 mM SDS shows that the recovery curve has an anomalously low slope
and actually intersects the 8 mM recovery curve. This may indicate an experimentally
inefficient sweep of the column due to low permeability zones, with the ultimate
recovery determined by the accessibility of the surfactant to these zones. Some degree of
this phenomenon is suggested in all experiments, in that the observed recoveries increase
more slowly than the prediction after 2 pore volumes in most simulations. The
anomalous behavior of the 30 mM experiment may also be the result of unknown
differences in the initial and modeled oily waste distributions in the column.

In both ATF and oily waste experiments, mobilization appears to be the main
mechanism by which sodium dodecyl sulfate enhances nonaqueous phase liquid recov-
ery. Even under the assumption of local equilibrium between the organic and aqueous
phases, the incremental recovery due to solubilization is minimal, and cannot explain the
enhanced recovery observed with SDS. The dissolution of a nonaqueous phase due to
micellar solubilization appears to be a less efficient recovery mechanism compared to
organic phase mobilization at the SDS concentrations studied. To predict the effect of
SDS soil washing, an estimate of interfacial tension variation with surfactant concentra-
tion is required to quantify residual organic saturation.

The surfactant recovery curves for both ATF and oily waste appear to approach an
Ž .asymptote with time Figs. 2–4 . This may be an indication that the ultimate recoveries

were limited by low permeability zones within the column. This effect would not have
been predicted by the homogeneous soil column model used, leading to an overpredic-
tion of ultimate organic recoveries, as observed in Figs. 2–4.

w xPrevious studies 4,30 have reported surfactant loss from the aqueous phase due to
sorption onto the soil, a process that has generally been modeled using adsorption

w xisotherms 11,13 . In this study, no attempt was made to describe soil–surfactant
sorption since repulsion between the anionic SDS molecules and the negatively charged
clay particles of the soil is expected to minimize their interaction. If required, modifica-
tions to the model to simulate the sorption process can be accommodated with ease,
given experimentally determined sorption parameters.

6. Conclusions

This study has shown that the laboratory scale surfactant washing of soil contami-
nated by both light and dense phase organics can be adequately simulated using simple
constitutive relations commonly employed to model fluid flow in soil. It is conceivable
that the model presented here can be applied to different surfactant soil washing studies
given adequate characterization of the physical and chemical properties of these systems.

Water flushing can only displace organic phase present above residual saturation
from a contaminated soil matrix, and is therefore expected to be of limited effectiveness
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in remediating soils containing organic contaminants of low aqueous solubility at near
residual saturations.

Surfactant soil washing using sodium dodecyl sulfate results in enhanced organic
contaminant recovery that can be explained by mobilization of these organics due to the
reduction in the oil–water interfacial tension and residual organic saturation. This effect
can be modeled by constitutive relationships that are functions of surfactant concentra-
tion; and thus, oil–water interfacial tension.

In both sodium dodecyl sulfate flushing experiments modeled, solubilization was a
minor recovery mechanism and did not account for any significant removal of contami-
nant from the soil column even under the assumption of local equilibrium. Because in
situ soil washing with surfactants may result in mobilization and vertical migration of
dense nonaqueous phase liquids, solubilization is generally the preferred mechanism of
contaminant removal. The negligible solubilization observed in this study suggests that
achieving this goal may be difficult with the surfactant and wastes employed herein.
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